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LOSS ENHANCED REFLECTIVE OPTICAL FILTERS 

Field of the Invention 

The present invention relates to optical filters and methods of making and using the 
optical filters. In addition, the present invention is directed to optical filters that include 
both reflective and lossy elements and methods of making and using such optical filters. 

Background of the Invention 

Optical filters, including, for example, optical mirrors and polarizers, can be used 
in a variety of devices to perfonn a variety of functions. In many of these optical filters, a 
portion of the light incident on the device is reflected or absorbed and another portion of 
the light is transmitted. For example, an JR filter reflects or absorbs IR light while passing 
visible light. As another example, a polarizer reflects light having one polarization over a 
particular wavelength band and transmits light having the orthogonal polarization. 

A number of parameters can be used to describe the optical properties of optical 
filters. Transmission, T, (or absorption or reflection) of a wavelength or wavelength range 
to be absorbed or reflected can describe the amount of light leaking through an optical 
filter. Optical density is defined as -log 10 T, and is particularly useful for comparing low 
transmission optical filters. In some applications, optical densities of 4 (corresponding to 
0.01% transmission ) or greater may be desired or required. 

Another parameter is the sharpness of the band edge (e.g., the transition from a 
high transmission wavelength range to a low transmission wavelength range). For at least 
some applications, it may be desirable or required to have a change of 2.5 or more in 
optical density over a wavelength range of 5, 10, or 20 nm or less. 

Absorptive optical bodies have been used for many of these applications. 
Typically, these optical bodies include an absorptive material deposited on or within a 
substrate (e.g., a glass or polymer substrate). Such absorptive optical bodies are often 
characterized by their percent absoiptance, referring to the percentage of light that is 
absorbed in a single pass through the optical body. Unfortunately, absorptive materials 
typically do not have sharp, broadband absorption spectra. Generally, absorptive materials 
at least partially absorb light within the desired transmission wavelength range or 
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polarization and are not very wavelength selective. For example, an absorptive IR or UV 
filter will also typically absorb a portion of the visible light. To increase the IR or UV 
absorption results in more absorption of visible light. For applications such as, for 
example, eyewear or window treatments, this phenomenon can limit how much IR or UV 
protection can be obtained based on the visibility requirements. In addition, the visible 
absorption is typically non-uniform, which can result in a colored appearance. 

Broadband reflective optical bodies can be made using, for example, multilayer 
thin film techniques. The wavelength range of these optical bodies is typically a function 
of the range of thicknesses of the layers. The reflectivity of these optical bodies is 
improved by using more layers of each thickness. To obtain highly reflective, broadband 
optical bodies generally requires the controlled formation of a large number of thin films. 
As more layers are needed to obtain the desired optical parameters, the cost and difficulty 
in making the optical body increases. 

Summary of the Invention 

Generally, the present invention relates to optical filters and their manufacture, as 
well as the use of the optical filters in optical devices, such as polarizers and mirrors. One 
embodiment is an optical filter that includes a first reflective multilayer film, a second 
reflective multilayer film, and a lossy element disposed between the first and second 
reflective multilayer films. ^The first and second multilayer reflective films each have an 
optical density, for unpolarized light, of at least 1 over the same wavelength range. The 
wavelength range has a width of at least 50 nm. The lossy element, in the absence of the 
first and second multilayer reflective films, causes the loss of, on average, at least 5% of 
light in that wavelength range. In addition, the present invention is related to the method 
of filtering light through this optical filter, as well as the other optical filters and articles 
described below. 

Another embodiment is an optical filter that includes a first reflective element, a 
second reflective element, and a lossy element disposed between the first and second 
reflective elements. The second reflective element has a band edge within about 25 nm of 
a band edge of the first reflective element. The lossy element causes the loss of at least 
some light within the band edge of at least one of tire first and second reflective elements. 
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In some instances, the band edge of the lossy element is within at least 25 nm of aband 
edge of the first or second reflective elements, hi some instances, two or more of the band 
edges overlap. 

Yet another embodiment is an optical filter that includes a first reflective 
multilayer film, a second reflective multilayer film, and a lossy element disposed between 
the first and second reflective multilayer films. The first and second multilayer reflective 
films define a reflection wavelength range in which the first and second multilayer 
reflective films, in the absence of the lossy element, have an optical density of at least 1.5 
for unpolarized light. The lossy element, in the absence of the first and second multilayer 
reflective films, has an optical density for unpolarized light of at least 0.1 over the 
reflection wavelength range. 

Another embodiment is an optical filter that includes a first reflective multilayer 
film, a second reflective multilayer film, and a lossy element disposed between the first 
and second reflective multilayer films. The optical film has an optical density of at least 2 
over a first wavelength range of at least 50 nm and has an optical density of no more than 
0.3 over a second wavelength range of at least 50 nm. The lossy element, in the absence 
of the first and second multilayer reflective films, absorbs on average at least 5% of light 
in the first wavelength range. 

A further embodiment is an article that includes at least one transparent substrate 
and an optical film disposed over a major surface of the substrate. The optical film has a 
first multilayer reflective film, a second multilayer reflective film, and a lossy element 
disposed between the first and second multilayer reflective films. 

The above summary of the present invention is not intended to describe each 
disclosed embodiment or every implementation of the present invention. The Figures and 
25 the detailed description which follow exemplify several embodiments. 

Brief Description of the Drawings 

The invention may be more completely understood in consideration of the 
following detailed description of various embodiments of the invention in connection with 
the accompanying drawings, in which: 
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Figure 1 is a cross-sectional view of one embodiment of an optical filter, according 
to the invention; 

Figure 2 is a cross-sectional view of one embodiment of a multilayer optical film, 
according to the invention; 
5 Figure 3 is a graph of fractional absorption (y-axis) of incident light versus the 

imaginary part of the refractive index (x-axis) of an absorptive material according to Beer's 
law, where the thickness of the absorptive element is 2.1 mm and the wavelength of light 
is 900 nm, n" varies from 0 to 8x1 0' 5 ; 

Figure 4 is a graph of fractional absorption (asterisks) and normalized absorption 
10 (squares) versus reflectivity (x-axis) for an absorptive element of an optical body having a 
reflective element disposed in front of the absorptive element, where the thickness of the 
absorptive element is 2.1 mm, the wavelength of light is 900 nm, and the imaginary part of 
the index of refraction of the absorptive element is 2.4xl0' 5 ; 

Figure 5 is a graph of optical density (left y-axis, squares) and normalized 
15 absorption (right y-axis, asterisks) versus reflectivity (x-axis) of a second reflective 

element of an optical body having a first reflective element with a reflectivity of 0.95 and 
no absorptive element between the first and second reflective elements; 

Figure 6 is a graph of optical density (left y-axis, squares) and normalized 
absorption (right y-axis, asterisks) versus reflectivity (x-axis) of the second reflective 
20 element 1 04 of the optical filter of Figure 1 with the first reflective element 1 02 having a 
reflectivity of 0.95 and the absorptive element 106 having an absorptance of 0.50; 

Figure 7 is a graph of optical density (y-axis) versus reflectivity (x-axis) of 
reflective elements 102, 104 of the optical filter of Figure 1 for different absorptance 
values of the absorptive element 106 (squares = 0% absorptance, X's = 15% absorptance, 
25 circles = 30% absorptance, asterisks = 45% absorptance, triangles = 60% absorptance); 

Figure 8 is a graph of normalized absorption (y-axis) versus reflectivity (x-axis) of 
reflective elements 102, 104 of the optical filter of Figure 1 for different absorptance 
values of the absorptive element 106 (squares = 0% absorptance, X's = 15% absorptance, 
circles = 30% absorptance, asterisks = 45% absorptance, triangles = 60% absorptance); 
30 Figure 9 is a graph of the optical density (y-axis) versus wavelength (x-axis) for 

three commercial UV absorbers: Corning 8510 filter (Corning, Inc., Corning, NY) (solid 
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line); UF-5 acrylic 1/8" filter (ELF-Atochem, Philadelphia, PA) (dashed line); and 
UVNUL 3050 (BASF, Portsmouth, VA) (dotted line); 

Figure 10 is a graph of modeled transmission (solid line) and reflection (dotted 
line) versus wavelength (x4axis) for a 10.6 jxm thick multilayer optical film with 180 
5 alternating layers of polyethylene terephthalate and poly(ethylene-co-vinyl(acetate)) with a 
thickness gradient 103.5 to 125.7 nm; 

Figure 1 1 is a graph of optical density (y-axis) versus wavelength (x-axis) for (a) a 
UF-5 acrylic 1/8" filter (ELF-Atochem, Philadelphia, PA) (solid line); (b) a combination 
of two multilayer optical films of Figure 10 (dashed/dotted line); and (c) a combination of 
10 the UF-5 acrylic filter between two multilayer optical films of Figure 1 0 (dotted line), 
where lines (b) and (c) are both calculated based on a model; 

Figure 12 is a graph of optical density (y-axis) versus wavelength (x-axis) for (a) a 
UF-5 acrylic 1/8" filter (ELF-Atochem, Philadelphia, PA) (solid line); (b) a combination 
of the UF-5 acrylic filter and one multilayer dielectric UV cutoff filter (420 nm cutoff, 
15 special order, Unaxis Optics Deutschland GmbH, Germany) (dashed line); and (c) a 

combination of the UF-5 acrylic filter between two multilayer dielectric UV cutoff filters 
(dotted line); 

Figure 13 is a schematic cross-section of a first embodiment of a lens assembly, 
according to the invention; 

20 Figure 14 is a schematic cross-section of a second embodiment of a lens assembly, 

according to the invention; 

Figure 15 is a schematic cross-section of a third embodiment of a lens assembly, 
according to the invention; 

Figure 16 is a schematic cross-section of a fourth embodiment of a lens assembly, 
25 according to the invention; 

Figure 17 is a schematic cross-section of a fifth embodiment of a lens assembly, 
according to the invention; 

Figure 18 is a schematic cross-section of a sixth embodiment of a lens assembly, 
according to the invention; 

30 Figure 19 is a schematic cross-section of a seventh embodiment of a lens assembly, 

according to the invention; 
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Figure 20 is a schematic cross-section of a eighth embodiment of a lens assembly, 
according to the invention; 

Figure 21 is a graph of measured optical density (y-axis) versus wavelength (x- 
axis) of a polymeric multilayer optical film composed of 448 alternating co-polyethylene 
5 naphthalate (a copolymer including 90 wt.% naphthalate units and 10 wt.% terephthalate 
units for the carboxylate portion of the polyester) and poly(methyl methacrylate) (PMMA) 
layers with an approximately linear thickness gradient ranging from about 0.2 to 0.35 jim 
per pair of layers; 

Figure 22 is a graph of the imaginary part of the index of refraction (y-axis) versus 
10 wavelength (x-axis) for three absorptive elements: (a) Optifloat™ Blue 21, (b) Optifloat™ 
Green 58, and (c) Optifloat™ Green 90, available from Pilkington, pic (St. Helens, Great 
Britain), at 2.1 mm thickness; 

Figure 23 is a graph of the optical density (y-axis) versus wavelength (x-axis) for 
the three absorptive elements of Figure 22; 
15 Figure 24 is a graph of the measured optical density (y-axis) versus wavelength (x- 

axis) for an optical filter with two of the polymeric multilayer optical films of Figure 21 
laminated into a single optical body; 

Figure 25 is a graph of the measured (dark line) and calculated (circles) optical 
density (y-axis) versus wavelength (x-axis) for an optical filter with the absorptive element 
20 Optifloat™ Blue 21 of Figure 22 between two of the polymeric multilayer optical films of 
Figure 21; 

Figure 26 is a graph of the measured (dark line) and calculated (circles) optical 
density (y-axis) versus wavelength (x-axis) for an optical filter with the absorptive element 
Optifloat™ Green 58 of Figure 22 between two of the polymeric multilayer optical films 
25 of Figure 21; 

Figure 27 is a graph of the measured (dark line) and calculated (circles) optical 
density (y-axis) versus wavelength (x-axis) for an optical filter with the absorptive element 
Optifloat™ Green 90 of Figure 22 between two of the polymeric multilayer optical films 
of Figure 21; and 

30 Figure 28 is a graph of the calculated optical density (y-axis) versus wavelength (x- 

axis) for an optical filter with the absorptive element Optifloat™ Green 90 of Figure 22 
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before (circles) or behind (solid line) two of the polymeric multilayer optical films of 
Figure 21. 

While the invention is amenable to various modifications and alternative forms, 
specifics thereof have been shown by way of example in the drawings and will be 
5 described in detail. It should be understood, however, that the intention is not to limit the 
invention to the particular embodiments described. On the contrary, the intention is to 
cover all modifications, equivalents, and alternatives falling within the spirit and scope of 
the invention. 

Detailed Description of Illustrative Embodiments 

10 The present invention is believed to be applicable to optical filters and their 

manufacture, as well as to the use of the optical filters in optical devices, such as polarizers 
and mirrors. While the present invention is not so limited, an appreciation of various 
aspects of the invention will be gained through a discussion of the examples provided 
below. 

15 Indices of refraction, e^, riy, i^, for layers in a multilayer film, such as that 

illustrated in Figure 2, correspond to mutually perpendicular axes that are selected so that 
x and y axes are in the plane of the layer and the z axis is normal to that plane. 

A material having the same refractive index regardless of the polarization state of 
light (e.g., linearly polarized along the x-, y-, or z-axis, right- or left- circularly polarized, 

20 or elliptically polarized in specified orientations) is said to be "isotropic". Otherwise, the 
material is said to be "birefringent". If a material has refractive indices, i^, iiy, and n, with 
exactly two of these indices being equal, the material is said to be "uniaxially 
birefringent". If these three refractive indices are all different, the material is said to be 
"biaxiaily birefringent". 

25 The term "in-plane birefringence" will be understood to be the absolute value of 

the difference between the in-plane indices of refraction, n,. and riy. 

The term "polymer" will be understood to include both polymers and copolymers 
(formed using two or more monomers), as well as polymers or copolymers which can be 
formed in a miscible blend by, for example, coextrusion or reaction, including 
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transesterification. Both block and random copolymers are included, unless indicated 
otherwise. 

Unless otherwise specified, the term "band edge" refers to a portion of the optical 
density spectrum of the optical filter where there is a substantially steady increase in the 
optical density from high to low transmission or a substantially steady decrease in the 
optical density from low to high transmission. It will be understood that there can be some 
ripple in the increase or decrease in optical density associated with the band edge. 

The range of transmission for the band edge will typically vary depending on the 
application and the materials used for the elements of the optical filter. For example, for 
many reflective elements, the low transmission value (in units of optical density) can be 
0.1, 0.3, 0.5, 0.7, or 1. The high transmission value (in units of optical density) can be, for 
example, 1, 2, or 4. Examples of band edge ranges include 0.1 to 1, 0.3 to 2, or 0.3 to 4. 
For absorptive and other lossy elements, the low transmission values (in units of optical 
density) can be, for example, 0, 0.05, 0.1, or 0.3. The high transmission values (in units of 
optical density) can be, for example, 0.5, 1, 1.5, 2, or 4. Examples of band edge ranges for 
absorptive and other lossy elements include 0 to 0.5, 0 to 1, 0.05 to 1, 0.1 to 1, 0.3 to 1, 
and 0.3 to 2. 

All birefringence and index of refraction values are reported for 632.8 nm fight, 
unless otherwise indicated. 

The optical filters described herein are useful as, for example, mirrors and 
polarizers, depending, at least in part, on the materials selected for the optical filter and the 
configuration of elements in the optical filter. Generally, the optical filter includes a lossy 
element disposed between two reflective elements. Figure 1 depicts one embodiment of 
an optical filter 100 illustrating basic elements. Additional elements can be added or the 
basic elements modified. The optical filter 100 includes a first reflective element 102, a 
second reflective element 104, and an absorptive element 106. The first and second 
reflective elements 102, 104 can be the same or different. 

The absorptive element 106 is one type of lossy element. The absorptive element 
can be replaced or used with other lossy elements including, for example, lossy elements 
that employ mechanisms such as scattering to increase light extinction. It will be 



WO 02/16976 



PCT/US01/03830 



understood that the design considerations discussed herein regarding the use of an 
absorptive element can be adapted by those of skill in the art to other lossy elements. 

The first and second reflective elements and the absoiptive element can be formed 
as a unitary structure, as illustrated in Figure 1. For example, the three elements (or any 
two of the elements) can be fastened, adhesively mounted together using an optical 
adhesive, coextruded, simultaneously or sequentially coated onto a substrate (not shown), 
or otherwise coupled. Alternatively, one or more of the elements can be spaced apart from 
the others. 

Typically, when light 1 10 is directed toward the optical filter 100, a portion 1 12 of 
the light is reflected and the remainder 1 14 of the light is transmitted by the first reflective 
element 102. The transmitted light 1 14 travels through the absorptive element 106 where 
a portion of the light is absorbed. The unabsorbed light then encounters the second 
reflective element 104 where a portion 116 of the light is reflected and the remainder 1 1 8 
of the light is transmitted. The reflected light 1 16 travels back through the absoiptive 
element 106 where, again, a portion of the light is absorbed. The light 116 then encounters 
the first reflective element 102, where a portion 120 of the light is reflected and a portion 
122 of the light is transmitted, and so on. 

Generally, the first and second reflective elements 102, 104 are selected to reflect 
light over a particular reflection bandwidth or light having a particular reflection 
polarization. However, these reflective elements do allow some light within the reflection 
bandwidth or having the reflection polarization to be transmitted (e.g., leak) through the 
elements. The absorptive element is typically selected to absorb at least a portion of the 
light that leaks through these elements. 

Generally, the configuration of Figure 1 will result in higher optical density (OD) 
than can be obtained using the reflective elements or absorptive elements alone or in a 
combination of two elements (e.g., two reflective elements or one reflective element and 
one absorptive element) or in a combination of three elements other than having an 
absorptive element between two reflective elements. 

Optical density is defined as 

OD = -log 10 I/I 0 , 
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where I t is the intensity of light transmitted through the optical filter and I 0 is the intensity 
of light incident on the optical filter for a desired bandwidth or at a particular wavelength. 
The configuration of Figure 1 results in more absoiption of light by the absorptive element 
because of the extended light path (e.g., path 116, 120) due to back-reflection of the light 
into the absorptive element by the reflective elements. 

Using a simple model that accounts for the multiple reflections, where phase 
relationships are ignored or averaged and the reflective elements are assumed to be non- 
absoiptive, the transmission, T, by the optical filter for a particular wavelength, X, is given 
by the expression: 

T _ (l-RQ(l-R 2 )exp(-ah) 
l-RjR 2 exp(-2ah) 

where R, is the reflectivity of the first reflective element for X, R 2 is the reflectivity of the 
second reflective element for X, h is the thickness of the absorptive element, and a is the 
absorptivity of the absorptive element and is given according to Beer's Law: 

I = I 0 e^ 

where I 0 is the intensity of light incident on the absorptive element, I is the intensity of 
light after traveling a distance h through the absorptive element, 

47m" 

and n" is the imaginary portion of the complex index of refraction of the absorptive 
element for the wavelength, X. A similar expression can be developed for the reflectivity, 
R, of the optical filter: 

R, +R 2 (l-2R 1 )exp(-2ah) 
l-R 1 R 2 exp(~2ah) 

And the absorption of the optical filter, A, is given by the expression: 

A = l-R-T. 

Using this simple model, the transmission, reflection, and absoiption of various 
optical filters can be estimated. For example, for a particular wavelength, with reflective 
elements having 98% reflectivity and an absorptive element having 50% absorptance (i.e., 
exp(-ah) = 0.5), the combination of two reflective elements would have 1.01% 
transmission and the combination of a reflective element and an absorptive element would 
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have 1% transmission. In both instances, the optical density is about 2. In contrast, the 
optical filter of Figure 1 would have, according to this model, about 0.02% transmission 
corresponding to an optical density of about 3.7. 

This synergistic combination of an absorptive element between two reflective 
elements results in an increase in optical density and absorption performance that can not 
be achieved with either type of element alone or with elements arranged in other 
combinations. It will be noted that additional enhancement can be achieved by adding 
additional absorptive or reflective elements, preferably, in an alternating manner (e.g., 
adding a second absorptive element between the second reflective element and a third 
reflective element). 

Beer's Law predicts the effects of absorption in a layer. When the reflective 
elements 102, 104 are removed from the structure shown in Figure 1, only a simple 
absorptive element 106 is left. An example of how increasing the imaginary part of the 
refractive index n" affects the percentage of light that is absorbed in a single pass through 
the layer is provided in Figure 3. 

To quantitatively describe the level of enhanced absorption in an optical filter 
containing both absorptive and reflective elements, it is useful first to develop a measure 
of absorption efficiency in such a system. When an optical filter includes a reflective 
element 102 and an absorptive element 106, without the additional reflective element 104, 
the amount of incident light available for absorption is diminished by the amount of light 
reflected by the reflective element 1 02. Thus, a good measure of the absorption 
efficiency of the absorptive element is to define normalized absorption, ^ as the 
absorption of the optical filter A normalized by the transmission level of the reflective 
element, T (i.e., A^ = A/T), which is placed in front of the absorptive element. This 
assumes that there is no absorptive loss in the reflective element. With this definition, the 
effect of the reflective element in preventing light from reaching the absorptive element, is 
normalized for the determination of absorption efficiency of the absorptive element. This 
is demonstrated below in Figure 4, where the absorptive element has a thickness of 2.1 
mm with n" = 2.4xl0~ 5 , and the reflective element 102 has reflectivity as given in the x- 
axis of Figure 4. 
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Figures 5 and 6 demonstrate how the effective absorption and optical density for 
the optical filter in Figure 1 depend on the reflectivity of the reflective elements 102 and 
104 and on the properties of the absorptive element 106. Figure 5 demonstrates that when 
there is no absorptive element, the two reflective elements combine to only marginally 
increase optical density as the second reflective element increases in strength. In this case, 
the normalized absorption is, of course, zero. However, as shown in Figure 6, when the 
absorptive element absorbs light at, for example, 50% absorptance, the increase in the 
reflectivity of the second reflective element 104 has a dramatic affect on optical density 
and normalized absorption. Optical density increases to a value of 4 with nearly 90% 
normalized absorption for a reflective element combination of 0.95 reflectivity (reflective 
element 102) and 0.99 reflectivity (reflective element 104). 

Figures 7 and 8 show a family of estimated performance curves for the optical 
filter of Figure 1, where the reflective elements 102, 104 have a range of reflectivity, for 
differing levels of absorptance in the absorptive element 106. Figure 7 shows the optical 
density performance, while Figure 8 shows the normalized absorption of the absorptive 
element sandwiched between the two reflective elements. 

The optical filters are useful in a variety of applications, particularly for filtering 
out unwanted light. For example, the optical filters can be used as IR, UV, or visible light 
filters or polarizers. Examples of products that could benefit from the use of these optical 
filters include items, such as, UV or IR sensitive films or other objects, polarizing eyewear 
and windows, laser protective eyewear, and high extinction polarizers for electronic 
information displays. 



Reflective Elements 

Although generally any reflective element will work, the preferred reflective 
elements for a variety of applications are multilayer optical films. Examples of suitable 
multilayer optical films include inorganic multilayer optical films, polymeric multilayer 
optical films, and multiple pitch cholesteric liquid crystal films. These multilayer optical 
films can have one or more of the following characteristics which can make them 
particularly suited for a variety of applications: lightweight, flexible, formable, good off- 
angle color, low haze, and high transmission outside the reflected wavelength range. 
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Figure 2 illustrates a multilayer optical film 10, such as a polymeric or inorganic 
multilayer optical film, which can be used, for example, as an optical polarizer or mirror. 
The film 10 includes one or more first optical layers 12, one or more second optical layers 
14, and, optionally, one or more non-optical layers 18. The non-optical layers 18 can be 
disposed on a surface of the optical film as, for example, a skin layer or disposed between 
optical layers to, for example, provide support during or after manufacture. 

The first and second optical layers 12, 14 are selected so that at least one in-plane 
index of refraction of the first optical layers 12 is different than the index of refraction (in 
the same direction) of the second optical layers 14. The optical layers 12, 14 and, 
optionally, one or more of the non-optical layers 18 are typically interleaved to form a 
stack 16 of layers. Typically the optical layers 12, 14 are arranged as alternating pairs, as 
shown in Figure 2, to form a series of interfaces between layers with different optical 
properties. The optical layers 12, 14 are typically no more than 2 urn thick and, in some 
embodiments, are no more than 1 jam thick. 

Although Figure 2 shows only six optical layers 12, 14, multilayer optical films 10 
can have a large number of optical layers. Examples of suitable multilayer optical films 
include those having about 2 to 5000 optical layers. Generally, multilayer optical films 
have about 25 to 2000 optical layers and typically about 50 to 1500 optical layers or about 
75 to 1000 optical layers. It will be appreciated that, although only a single stack 16 is 
illustrated in Figure 2, the multilayer optical film 10 can be made from multiple stacks that 
are subsequently combined to form die film 10. Additional sets of optical layers, similar 
to the first and second optical layers 12, 14, can also be used in the multilayer optical film 
10. The design principles disclosed herein for the sets of first and second optical layers 
can be applied to any additional sets of optical layers. 

Typically, the highest reflectivity for a particular interface occurs at a wavelength 
corresponding to twice the combined optical thickness of the pair of optical layers 12, 14 
which form the interface. The optical thickness describes the difference in path length 
between light rays reflected from the lower and upper surfaces of the pair of optical layers. 
For light incident at 90 degrees to the plane of the optical film (normally incident light), 
the optical thickness of the two layers is n^+n^ where n„ n 2 are the in-plane indices of 
refraction of the two layers and d„ are the thicknesses of the corresponding layers. This 
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equation can be used to tune the optical layers for normally incident light using the in- 
plane indices of refraction for each layer. At other angles, the optical distance depends on 
the distance traveled through the layers (which is larger than the thickness of the layers) 
and the indices of refraction for at least two of the three optical axes of the layer. Details 
regarding oblique incident light can be found in Weber et al., Science , 287, 5462 (2000). 
The layers 12, 14 can each be a quarter wavelength thick or the layers 12, 14 can have 
different optical thicknesses, as long as the sum of the optical thicknesses is half of a 
wavelength (or an odd multiple thereof). A film having more than two optical layers can 
include optical layers with different optical thicknesses to increase the reflectivity of the 
film over a range of wavelengths. For example, a film can include pairs or sets of layers 
that are individually tuned to achieve optimal reflection of normally incident light having 
particular wavelengths, hi some embodiments, the layers of the multilayer reflective 
element have a thickness gradient. The thickness gradient can be monotonically 
increasing or decreasing or the gradient can have increasing and decreasing thickness 
regions. 

The reflective wavelength range of the reflective element can be selected for the 
application. The reflective wavelength range can be characterized as the range of 
wavelengths for which the optical density (of the reflective element alone) at the majority 
of wavelengths exceeds a threshold value. Preferably, the optical density of at least 80%, 
more preferably, at least 90%, and most preferably, at least 95% of the wavelengths in the 
reflective wavelength range exceed the threshold value. In some embodiments, for 
example, in at least some laser protection applications, the optical density of 100% of the 
wavelengths in the reflective wavelength range exceeds the threshold value. The threshold 
value of the optical density typically depends, at least in part, on the application and the 
other components (e.g., the absorptive element) of the optical filter. For example, the 
threshold value of the optical density could be selected to be at least 1, 1.5, 2, 2.5, 3, or 
more. The size of the wavelength range will depend on the materials used to make the 
reflective and adsorptive elements, as well as their thickness and arrangement of layers. 
Optical filters can be made with reflective wavelength ranges of at least 50, 100, 200, and 
400 nm. 
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Typically, reflective films used in IR filters will have a reflective wavelength range 
that includes some portion of the range of 700 to 5000 nm, and preferably some portion of 
the range of 780 to 1200 nm. For UV filters, the reflective wavelength range typically 
includes at least a portion of the range from 200 to 410 nm. 
5 When an optical filter is constructed to reflect both polarizations of light, the in- 

plane indices of refraction of the first optical layers are typically substantially different 
from the respective in-plane indices of refraction of the second optical layers. In one 
example, the first and second optical layers have different isotropic indices of refraction. 
In another example, the first optical layers, second optical layers, or both are birefringent 

10 and the in-plane indices of refraction of the first optical layers are different from the 
respective in-plane indices of refraction of the second optical layers. 

On the other hand, an optical filter can be constructed to preferentially reflect one 
polarization of light (e.g., an optical filter that substantially reflects fight having one 
polarization and substantially transmits light having an orthogonal polarization). The first 

15 optical layers, the second optical layers, or both are birefringent in this embodiment. 
Typically, for these optical filters, one in-plane index of refraction of the first optical 
layers is substantially the same as a respective in-plane index of refraction of the second 
optical layers. 

Inorganic multilayer optical films are described in, for example, H. A. Macleod, 
20 Thin-Film Optical Filters, 2nd Ed. , Macmillan Publishing Co. (1986) and A. Thelan, 
Design of Optical Interference Filters , McGraw-Hill, Inc. (1989). 

Polymeric multilayer optical films for use in optical filters are described in, for 
example, PCT Publication Nos. WO95/17303; W095/17691; W095/17692; 
W095/17699; W096/19347; and W099/36262. One commercially available form of a 
25 multilayer reflective polarizer is marketed as Dual Brightness Enhanced Film (DBEF) by 
3M, St. Paul, Minnesota Polymeric multilayer optical films are generally formed using 
alternating layers of polymer materials with different indices of refraction. Typically, any 
polymer can be used as long as the polymer is relatively transparent over the wavelength 
range of transmission. For polarizing applications, the first optical layers, the second 
30 optical layers, or both are formed using polymers that are or can be made birefringent. 
Birefringent polymers can also be used in non-polarizing applications, as well. 
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Some polymers, including many polyesters, as described in, for example, PCT 
Publication Nos. WO95/17303; W095/17691; W095/17692; W095/17699; 
W096/19347; and W099/36262, can be made birefringent by, for example, stretching a 
layer (or, more typically, the entire optical film) made using the polymer in a desired 
5 direction or directions. The polymer layers can be uniaxially-oriented by, for example, 
stretching the layer or film in a single direction. A birefringent, uniaxially-oriented film 
typically exhibits a difference between the transmission and/or reflection of incident light 
rays having a plane of polarization parallel to the oriented direction (i.e., stretch direction) 
and light rays having a plane of polarization parallel to a transverse direction (i.e., a 

10 direction orthogonal to the stretch direction). For example, when an orientable polyester 
film is stretched along the x axis, the typical result is that * iiy, where ^ and are the 
indices of refraction for light polarized in a plane parallel to the V and "y" axes, 
respectively. The degree of alteration in the index of refraction along the stretch direction 
will depend on factors such as, for example, the amount of stretching, the stretch rate, the 

15 temperature of the film during stretching, the thickness of the film, the variation in the film 
thickness, and the composition of the film. In other embodiments, the first optical layers 
12 can be biaxially-oriented by stretching the film in two different directions. The 
stretching of optical layers 12 in the two directions can result in a net symmetrical or 
asymmetrical stretch in the two chosen orthogonal axes. 

20 A polarizing optical film can be made by combining a uniaxially-oriented first 

optical layer 12 with a second optical layer 14 having an isotropic index of refraction that 
is approximately equal to one of the in-plane indices of the oriented layer. Alternatively, 
both optical layers 12,14 are formed from birefringent polymers and are oriented in a 
multiple draw process so that the indices of refraction in a single in-plane direction are 

25 approximately equal. The reflectivity can be increased by increasing the number of layers 
or by increasing the difference in the indices of refraction between the first and second 
optical layers 12, 14. 

One example of the formation of a non-polarizing optical film is the combination 
of a biaxially-oriented optical layer 12 with a second optical layer 14 having indices of 
30 refraction which differ from both the in-plane indices of the biaxially-oriented layer. The 
optical film operates by reflecting light having either polarization because of the index of 
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refraction mismatch between the two optical layers 12, 14. Such optical films can also be 
made using a combination of uniaxially-oriented layers with in-plane indices of refraction 
which differ significantly. There are other methods and combinations of layers that are 
known for producing both mirrors and polarizers which may be used. Those particular 
5 combinations discussed above are examples. 

Cholesteric liquid crystal optical films are described in, for example, U.S. Patent 
No. 5,793,456, U.S. Patent No. 5,506,704, U.S. Patent No. 5,691,789, and European 
Patent Application Publication No. EP 940 705. One cholesteric reflective polarizer is 
marketed under the tradename TRANSMAX™ by Merck Co. Cholesteric liquid crystal 

10 optical films substantially reflect light having one circular polarization (e.g., left or right 
circularly polarized light) and substantially transmit light having the other circular 
polarization (e.g., right or left circularly polarized light) over a particular bandwidth of 
light wavelengths. This characterization describes the reflection or transmission of light 
directed at normal incidence to the director of the cholesteric liquid crystal material. Light 

15 that is directed at other angles will typically be elliptically polarized by the cholesteric 
liquid crystal material. 

The pitch of a cholesteric liquid crystal optical film is an important factor in 
determining the center wavelength and the spectral bandwidth of the light reflected by the 
cholesteric liquid crystal. The pitch for these optical films is analogous to layer thickness 

20 in the polymeric and inorganic multilayer optical films. Using multiple pitch values over a 
range typically increases the bandwidth of the optical film. Cholesteric liquid crystal 
optical films with multiple pitch values (to, for example, increase bandwidth) can be 
formed, for example, by stacking cholesteric liquid crystal optical films made using 
different materials or different combinations of the same materials. An alternative is to 

25 form the optical film by varying the pitch through each of one or more layers. The 

different values of pitch act as different optical layers which reflect different wavelengths 
of light making the multiple pitch cholesteric liquid crystal optical films analogous to a 
multilayer optical film. 

In addition, the thickness of the cholesteric liquid crystal layer at a particular pitch 

30 is analogous to the number of layers in the polymeric and inorganic multilayer optical 
films. Typically, thicker cholesteric liquid crystal layers result in higher reflectivity. 
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Absorptive Elements 

Generally, any optically absorbing structure can be used as the absorptive element 
depending, at least in part, on the desired wavelengths of absorption and transmission. 
One example of an absorptive element includes a light absorbing material, such as, for 
example, dye, pigment, or ink disposed in a supporting matrix or on a supporting substrate. 
For example, the light absorbing material can be disposed in a polymer or glass matrix or 
on a polymer or glass substrate. 

Suitable absorptive elements include glass filters, such as those obtainable from 
Schott Glass Technologies, Inc., Duryea, PA, including the KG series of heat control 
filters which absorb strongly in the near infrared but are relatively transparent in the 
visible. Gentex Corporation (Carbondale, PA) makes plastic optical filters under the trade 
name Filtron™. In addition, polycarbonate or acrylic sheets loaded with dyes absorb at 
various wavelengths across the visible and IR. A variety of IR and visible absorbing dyes 
are available from Epolin, Inc. (Newark, NJ). The Epolite™ series includes dyes with 
good thermal stability that can be injection molded with, for example, polycarbonate. 
Other dyes have broad solubility and are recommended for solution coating. Alternative 
absorbing materials include pigments such as carbon black and iron oxides. These could 
be loaded into a glass or polymer host matrix. Examples include iron oxide-loaded glass, 
such as Optifloat™ Blue 21, Optifloat™ Green 58, and Optifloat™ Green 90 glass 
available from Pilkington, pic (St. Helens, Great Britain). 

The selection of the light absorbing material can be made based on factors, such as, 
for example, the absorbance spectrum of the light absorbing material, cost, processibility, 
stability, and compatibility with other elements in the optical filter. Preferably, a light 
absorbing material is selected with an average absorptance of at least about 5%, 10%, 
20%, 30%, or 50% over the wavelength range that is to be reflected/absorbed. More 
preferably, the light absorbing material has a relatively low average absorptance (e.g., no 
more than 40%, 20%, 10%, 5%, or 1%) over the wavelength range where transmission is 
desired. It will be appreciated, however, that many light absorbing materials suitable for 
broadband absorptive elements have substantial absorbance over a relatively wide range of 
wavelengths or a relatively constant absorptance value over portions of both the 
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transmission and reflection wavelength ranges. The use of the combination of an 
absorptive element between two reflective elements can allow the use of lower loadings of 
light absorbing material than if the absorptive element was used alone or with a single 
reflective element. The combination illustrated in Figure 1 will typically result in lower 
5 absorption at wavelengths where transmission is desired. 

For polarizing applications, polarizing absorptive elements are useful. Polarizing 
absorptive elements preferentially transmit one polarization of light. One particularly 
useful polarizing absorptive element is an oriented, dye-containing, polyvinyl alcohol 
(PVA) film. Examples of such films and their use as polarizing absorptive elements is 
10 described, for example, in U.S. Patents Nos. 4,895,769, and 4,659,523 and PCT 

Publication No. WO 95/17691. To function as an absorptive polarizer, the polyvinyl 
alcohol film is typically stretched to orient the film. When stained with a polarizing dye or 
pigment, the orientation of the film determines the optical properties (e.g., the axis of 
extinction) of the film. 

15 

Other Lossy Elements 

Other lossy elements can be used, including, for example, lossy elements that 
employ scattering or a combination of scattering and absorption. For example, depending 
on particle size, pigments or other particles used in the optical filters can scatter light rays. 
20 Although this may introduce additional haze, a scattering loss is typically equivalent to an 
absorptive loss. Generally, scattering is only slowly wavelength dependent and is 
typically stronger for shorter wavelengths. Scattering can be polarization dependent based 
on the shape of the scattering particles. 

25 Other Elements and Coatings 

Various functional layers or coatings can be added to the optical filters of the 
present invention to alter or improve their physical or chemical properties, particularly 
along the surface of the optical filter. Such layers or coatings can include, for example, 
slip agents, low adhesion backside materials, conductive layers, antistatic coatings or 
30 films, barrier layers, flame retardants, UV stabilizers, abrasion resistant materials, optical 
coatings, and/or substrates designed to improve the mechanical integrity or strength of the 
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film or device, as described in WO 97/01440. Other coatings and layers include anti- 
fogging coatings (e.g., UV cured silicon polymer such as Photogard™ from 3M Company, 
St. Paul, MN) and holographic reflectors as described, for example, in U.S. Patents Nos. 
4,830,441 and 5,198.911. 

Filters 

The optical filters can be used to absorb/reflect light over a particular wavelength 
range or having a particular polarization. Such filters can be used, for example, to remove 
harmful IR or UV light while passing visible light. The low transmission wavelength 
range of the optical filter can be selected for the application. The low transmission 
wavelength range can be characterized as the range of wavelengths for which the optical 
density (of the reflective element alone) at the majority of wavelengths exceeds a threshold 
value. Preferably, the optical density of at least 80%, more preferably, at least 90%, and 
most preferably, at least 95% of the wavelengths in the reflective wavelength range exceed 
the threshold value. In some embodiments, for example, in at least some laser protection 
applications, the optical density of 100% of the wavelengths in the low transmission 
wavelength range exceeds the threshold value. For example, the threshold value of the 
optical density could be selected to b ; at least 1, 1.5, 2, 2.5, 3, or more. The size of the 
low transmission wavelength range will depend on the materials used to make the 
reflective and adsorptive elements, as well as their thickness and arrangement of layers. 
Optical filters can be made with low transmission wavelength ranges of at least 50, 100, 
200, and 400 nm. 

To obtain the enhanced filtering effects herein, there will be at least some overlap 
of the reflective wavelength regions of the first and second reflective elements 102, 104. 
This overlap will typically be at least 50 nm wide. In some embodiments, the overlap is 
100 nm, 300 nm, 500 nm, or 1000 nm or more wide. Generally, the absorptive element 
106 will absorb light over at least part of the overlap of the reflective wavelength regions 
and, at least in some embodiments, over the entire overlap. Within the overlapping region 
of the reflective wavelength regions, the reflective elements typically each have optical 
densities of, for example, 1, 1.5, 2, or more over this overlapping region. The absorptive 
element can have an optical density of 0.1, 0.3, 0.5, 1, or more within the overlapping 
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region. The optical densities of these elements will typically depend on the application 
and the materials used in the particular element. The following are examples illustrating 
some uses of the optical filters. 

Sharp Band edge Filters 

Some applications of optical films, such as, for example, filtering applications, can 
require or benefit from a sharp reflective or absorptive band edge (e.g., a sharp change 
from highly reflective or absorptive to highly transmissive over a narrow wavelength 
range, such as, for example, 10, 20, or 30 nm). As an illustrative example, infrared fiber 
optic devices can require that a filter selectively reflect and transmit light having 
wavelengths that are separated by, for example, 5, 10, or 20 nm. This places stringent 
burdens on the filter by requiring high extinction or reflection at one wavelength and high 
transmission at a closely spaced wavelength. 

As another illustrative example, ultraviolet (UV) filters can be used to block UV 
light to, for example, prevent degradation of underlying materials. Preferably, the UV 
filter blocks at least 99% (and, more preferably, at least 99.99%) of light at 410 nm and 
lower. A number of conventional filters that achieve this goal have absorption/reflection 
tails that extend for at least 10 to 40 nm into the visible light wavelengths. Figure 9 
illustrates the absorption spectrum of several commercial UV absorbing filters illustrating 
the absorption tail. Although the absorption/reflection in the blue wavelengths may be 
low, even this amount can give the filter a yellow appearance which can be aesthetically 
unattractive and, in some instances, functionally detrimental. 

Sharp band edge filters can be formed by selecting first and second reflective 
elements that have a band edge extending near (e.g., within 50, 20, or 10 nm) each other. 
The absorptive element typically has at least 5%, 10%, 30%, 50%, or 60% absorptance 
near (e.g., within 50, 25, or 10 nm) the desired band edge. The term "band edge" refers to 
a portion of the optical density spectrum of the optical filter where there is a substantially 
steady increase in the optical density from low to high transmission or a substantially 
steady decrease in the optical density from high to low transmission. It will be understood 
that there can be some ripple in the increase or decrease in optical density associated with 
the band edge. 
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The range of transmission for the band edge will typically vary depending on the 
application and the materials used for the elements. For example, for many reflective 
elements, the low transmission value will generally be 0.1, 0.3, 0.5, 0.7, or 1. The high 
transmission value will be, for example, 1, 2, or 4. Examples of ranges include 0.1 to 1, 
0.3 to 2 or 0.3 to 4. For absorptive and other lossy elements, the low transmission values 
will generally be 0, 0.05, 0.1, or 0.3. The high transmission values will be 0.5, 1, 1.5, 2, oi 
4. Examples of ranges include 0 to 0.5, 0 to 1, 0.05 to 1, 0.1 to 1, 0.3 to 1, and 0.3 to 2. 

In some embodiments, the optical density at the band edge has an average change 
of 1 unit over 20, 10, 5, or 1 nm. As an alternative," the band edge can be defined as the 
wavelength at which the transmission is, for example, 50% or 10%. 

The distance between band edges (in nm) of different elements corresponds to the 
smallest difference between wavelengths of the two band edges. Generally, to obtain a 
sharp band edge, the band edges of the two reflective elements 102, 104 are within 10, 25, 
or 50 nm of each other. In some instances, two band edges can overlap where the 
wavelength ranges of the two band edges overlap. Preferably, the band edge of at least 
one of the reflective elements (and, more preferably, both of the reflective elements) is 
separated from the band edge of the absorptive element by no more than 10, 25, or 50 nm 
or the band edges overlap. 

Figure 10 illustrates modeled transmission and reflection spectra for a multilayer 
polymeric optical film with alternating layers made of polyethylene terephthalate (PET) 
and poly(ethylene-co-vinyl acetate) (EVA). Figure 1 1 illustrates the modeled extinction 
spectra for a) a commercial absorber, b) two of the modeled multilayer polymeric optical 
films of Figure 10 laminated together, and c) the combination of the commercial absorber 
between the two multilayer polymeric optical films. As illustrated, the absorber/multilayer 
polymeric optical film combination has a significantly sharper band edge (e.g., the 
transition from optical density of 2 to optical density of 0.3). 

As another example, Figure 12 illustrates absorption spectra for a) a commercial 
absorber, b) a combination of a commercial absorber and one commercial reflective film, 
and c) the combination of a commercial absorber between two commercial reflective 
films. Again, the band edge for the combination of an absorber between two reflective 
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films is significantly narrower (e.g., the transition from an optical density of 2 to an optical 
density of 0.1). 

Laser Light Filter Applications 

The use of high-powered laser devices in industry, research, transportation, 
targeting, identification, commerce, and other settings is becoming increasingly prevalent. 
These lasers can pose a serious threat to the eyes of persons in the vicinity of the laser. A 
number of approaches have been used to prevent harmful laser radiation from reaching the 
human eye. One such approach is the use of a clear polymer loaded with a dye or other 
material that absorbs the laser radiation. Although laser light filters can be designed to 
block specific narrow wavelength bands, the use of tunable lasers or different types of 
lasers can require broadband protection. The use of a broadband absorbing filter, however, 
typically also reduces the transmission of visible fight. For example, broadband IR 
absorbing films with an optical density greater than 4 might have a visible transmission, 
T*., of less than 40%. 

T^ is defined herein as the photopic transmission computed for a standard 1931 
C1E 2-degree observer. The transmission spectrum T(X) is multiplied by the photopic 
weight function V(X) (defined by the CIE in 1931 for an observer with a 2-degree field of 
view) and also by the spectral density of the CIE defined D65 illuminant S(X) and 
integrated over all visible wavelengths (380-780 nm): T vis = 2 T(k)V(X)S(X). The result is 
then normalized through division by the photopic transmission computed with no filter 
present, i.e. with T(X) = 1 . Other definitions of T^ are available and used for particular 
applications. 

The multilayer reflective elements described above, including the polymeric 
multilayer optical films and the cholesteric liquid crystal optical films, can be used for 
laser protective eyewear and other applications, such as windows and aircraft canopies. 
Figures 13-20 illustrate a number of possible lens assembly configurations for laser 
protective eyewear and other applications. Typically, the eyewear includes a multilayer 
reflective element 301 disposed on a substrate 302. The substrate 302 can be formed using 
any lens material or other transparent surface, including impact resistant materials, such as 
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polycarbonate, that can provide projectile protection. The multilayer reflective element 
301 is disposed on the lens or lenses or other transparent surface using, for example, 
optical adhesive. One advantage of using polymeric multilayer optical films for the 
reflective elements is that these films can typically be formed and placed on curved lenses. 
5 Other optional layers, films, and coatings, such as, for example, an anti-fogging 

layer 303 (Figures 13-20), a scratch resistant layer 304 (Figures 13-20), an absorptive layer 
305 (Figures .14 and 19), an inorganic multilayer optical film 306 (Figure 15), a 
holographic reflecting film 307 (Figure 16), and other layers, films, and coatings, can be 
applied to the lens or lenses or other transparent surface. 
10 In s °me instances, the multilayer reflective element 301 can be used without a 

substrate, as illustrated in Figure 18. In other embodiments, as illustrated in Figures 17, 
19, and 20, a second multilayer reflective element 3 1 1 is disposed over the first multilayer 
reflective element 301, optionally, with an absorptive element 305 or a non-absorptive 
cavity (not shown) between the two reflective elements 301, 31 1. A second substrate 312 
15 can optionally be used to provide more support or additional projectile protection, as 
illustrated in Figure 20. hi addition to eyewear, such as glasses, goggles, visors, and 
masks, the assemblies illustrated in Figures 13 to 20 can be adapted for use with windows, 
aircraft canopies, and other similar articles. 

The combination of an absorptive element between two reflective elements, as 
20 described above, can be used to obtain high optical density with good visible transmission. 
Figures 21 through 28 illustrate measured and calculated optical density spectra and other 
properties for a several optical filters. The reflective elements are polymeric multilayer 
optical films with 448 alternating layers of co-polyethylene naphthalate (a copolymer 
including 90 wt.% naphthalate units and 10 wt.% terephthalate units for the carboxylate 
25 portion of the polyester) and poly(methyl methacrylate) (PMMA). The layers were 
grouped into two packets of 224 layers each. The second packet was about 1.3 times 
thicker than the first. Both packets had a linear thickness gradient with the last co- 
polyethylene naphthalate layer being 1.4 times as thick as the first and the pairs of layers 
having a thickness ranging from about 0.2 to 0.35 urn. This polymeric multilayer optical 
30 film has an optical density greater than about 1 .5 from about 750 to 1200 nm. The 

measured optical density spectra of these reflective elements is illustrated in Figure 21. 
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Three different absorptive elements were used in these examples; Optifloat™ Blue 
21, Optifloat™ Green 58, and Optifloat™ Green 90 glass available from Pilkington, pic 
(St. Helens, Great Britain). The dispersive values of n" (the imaginary part of the index of 
refraction) and the optical density spectra for each absorbing element are shown in Figures 
5 22 and 23 , respectively. 

Figure 24 shows a measured optical density spectrum for a combination of two 
reflective elements of Figure 21 laminated into a single optical filter. In this instance, the 
optical density for the two reflective elements in combination is only modestly improved 
over a singe reflective element (see Figure 21). 
10 Figure 25 shows a comparison of measured and calculated optical density spectra 

for the configuration of Fig 1, where the absorptive element 106 is Optifloat™ Blue 21. In 
this instance, the modest absorption of the Optifloat™ Blue 21 absorptive element in the 
900 to 1500 ran wavelength region provides a dise nable increase in the optical density 
over this wavelength region while leaving the transmission in the visible region quite high 
15 0^=70%). 

Fig 26 shows a comparison of measured and calculated optical density spectra for 
the configuration of Fig 1 where the absorptive element 106 is Optifloat™ Green 58. 
Here, the increased loss in the Optifloat™ Green 58 absoiptive element (compared with 
the Optifloat™ Blue 21 absorptive element) results in a substantially higher optical density 

20 in the high reflection region of the reflective elements. The visible transmission remains 
quite high (T^- 66%). 

Figure 27 shows a comparison of measured and calculated optical density spectra 
for the configuration of Fig 1 where the absorptive element 106 is Optifloat™ Green 90. 
Here the optical density averages about 4 in the high reflection region, demonstrating an 

25 increase of about 1 .5 to 2 in optical density compared with the two laminated reflectors 
with no absorptive layer. The measured optical density is greater than 3.5 over a 
wavelength range stretching from 750 to 1 180 nm. Again the visible transmission remains 
high (T^ = 64%), with only a slight reduction coming with the benefit a very substantial 
IR transmission reduction. Such broadly absorbing pigments as those illustrated in 

30 Figures 25, 26, and 27 can be less costly than IR specific dyes and forming a combination 
with the reflective elements requires less pigment to obtain the desired optical density. 
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f. 

The uniqueness of the optical filter configuration of Figure 1 can be seen from 
Figure 28. Here the three elements have been placed in two other configurations, 
absorptive/reflective/reflective (circles) and reflective/reflective/absoiptive (line). The 
calculated optical density spectra for these two configurations are little different than for 
the case of two reflective elements without an absorptive element. 

The present invention should not be considered limited to the particular examples 
described above, but rather should be understood to cover all aspects of the invention as 
fairly set out in the attached claims. Various modifications, equivalent processes, as well 
as numerous structures to which the present invention may be applicable will be readily 
apparent to those of skill in the art to which the present invention is directed upon review 
of the instant specification. 
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CLAIMS : 

1. An optical filter, comprising: 
a first reflective element; 

5 a second reflective element, wherein the second reflective element has a band edge 

within about 25 run of a band edge of the first reflective element; and 

a lossy element disposed between the first and second reflective elements, wherein 
the lossy element causes the loss of at least some light within the band edge of at least one 
of the first and second reflective elements. 

10 

2. The optical filter of claim 1, wherein a band edge of the lossy element is 
within 25 nm of the band edge of at least one of the first and second reflective elements. 

3. The optical filter of claim 1, wherein the band edge of the first and second 
15 reflective elements extends from an optical density of 0.3 to an optical density of 2. 

4. The optical filter of claim 1, wherein the band edges of the first and second 
reflective elements overlap. 

20 5. The optical filter of claim 1, wherein a band edge of the lossy element 

overlaps with the band edges of at least one of the first and second reflective elements. 

6. The optical filter of claim 1, wherein the lossy element is laminated to the 
first reflective element. 

25 

7. The optical filter of claim 6, wherein the second reflective element is 
laminated to the lossy element. 

8. The optical filter of claim 1, wherein, over a wavelength range, the first and 
30 second multilayer reflective films substantially reflect light having a first polarization and 

substantially transmit light having a second polarization. 

-27- 
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9. An optical filter comprising: 
a first multilayer reflective film; 

a second multilayer reflective film, wherein the first and second multilayer 
reflective films each have an optical density, for unpolarized light, of at least 1 over a same 
first wavelength range, the first wavelength range having a width of at least 50 ran; and 

a lossy element disposed between the first and second multilayer reflective films, 
wherein the lossy element, in the absence of the first and second multilayer reflective 
films, causes the loss of, on average, at least 5% of light in the first wavelength range. 

10. The optical filter of claim 9, wherein the first and second multilayer 
reflective films each comprise a polymeric multilayer optical film. 



11. The optical filter of claim 1 0, wherein the polymeric multilayer optical 
15 films of the first and second multilayer reflective films are each a multiple pitch 

cholesteric liquid crystal film. 

12. The optical filter of claim 9, wherein the first and second multilayer 
reflective films each comprise an inorganic multilayer optical film. 

20 

13. The optical filter of claim 9, wherein the first and second multilayer 
reflective films are substantially identical. 

14. The optical filter of claim 13, wherein the first and second multilayer 
25 reflective films reflect on average at least 95% of light over the first wavelength range. 

15. The optical filter of claim 13, wherein the lossy element is an absorptive ' 
element. 

30 16 - The 0 P tic al filter of claim 15, wherein the absorptive element absorbs on 

average at least 20% of light over the first wavelength range. 

♦ 
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17. The optical filter of claim 15, wherein the absorptive element has an 
absorptance of at least 0.2 over the first wavelength range. 

> 

5 18. The optical filter of claim 15, wherein the absorptive element has an 

absorptance of at least 0.5 over the first wavelength range. 

19. The optical filter of claim 15, wherein the first and second multilayer 
reflective elements reflect infrared light and the absorptive element absorbs infrared light. 

10 

20. The optical filter of claim 15, wherein the first and second multilayer 
reflective elements reflect ultraviolet light and the absorptive element absorbs ultraviolet 
light. 

15 21. An optical filter comprising: 

a first multilayer reflective film; 
a second multilayer reflective film; and 

a lossy element disposed between the first and second multilayer reflective films; 

wherein the first and second multilayer reflective films define a reflection 
20 wavelength range in which the first and second multilayer reflective films, in the absence 
of the lossy element, each have an optical density for unpolarized light of at least 1.5 and 
wherein the lossy element, in the absence of the first and second multilayer reflective 
films, has an optical density for unpolarized light of at least 0.1 over the reflection 
wavelength range. 

25 

22. An optical filter comprising: 

a first multilayer reflective film; 

a second multilayer reflective film; and 

a lossy element disposed between the first and second multilayer reflective films; 
30 wherein the optical film has an optical density of at least 2 over a first wavelength 

range of at least 50 nm and has an optical density of no more than 0.3 over a second 

-29- 
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wavelength range of at least 50 nm and wherein the lossy element, in the absence of the 
first and second multilayer reflective films, causes the loss of, on average, at least 5% of 
light in the first wavelength range. 

5 23. An article, comprising: 

at least one transparent substrate; and 

an optical film disposed over a major surface of the at least one transparent 
substrate, the optical film comprising: 

a first multilayer reflective film; 
10 a second multilayer reflective film; and 

a lossy element disposed between the first and second multilayer reflective 

films. 

24. The article of claim 23, wherein the at least one transparent substrate 
15 comprises at least one lens. 

25. The article of claim 23, wherein the first and second multilayer reflective 
films reflect at least a portion of infrared light. 



20 26. The article of claim 25, wherein the lossy element causes the loss of at least 

a portion of infrared light. 

27. The article of claim 25, wherein the article has an optical density of at least 
3 over a wavelength range from 700 to 1 1 80 nm. 

25 

28. The article of claim 24, wherein the lens comprises an impact resistant 
plastic material. 

29. A method of filtering light, comprising: 
30 filtering light through an optical filter comprising 

a first multilayer reflective film; 

-30- 
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a second multilayer reflective film, wherein the first and second 
multilayer reflective films each have an optical density, for unpolarized 
light, of at least 1 over a same first wavelength range, the first wavelength 
range having a width of at least 50 nni; and 

a lossy element disposed between the first and second multilayer 
reflective films, wherein the lossy element, in the absence of the first and 
second multilayer reflective films, causes the loss of, on average, at least 
5% of light in the first wavelength range. 
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